Cadherins are transmembrane adhesion molecules that mediate homotypic cell-cell contact. In adherens junctions, the cytoplasmic domain of cadherins is functionally linked to the actin cytoskeleton through a series of proteins known as catenins. E-cadherin binds to β-catenin, which in turn binds to α-catenin to form a ternary complex. α-Catenin also binds to actin, and it was assumed previously that α-catenin links the cadherin-catenin complex to actin. However, biochemical, structural and live-cell imaging studies of the cadherin-catenin complex and its interaction with actin show that binding of β-catenin to α-catenin prevents the latter from binding to actin. Biochemical and structural data indicate that α-catenin acts as an allosteric protein whose conformation and activity changes depending on whether or not it is bound to β-catenin. Initial contacts between cells occur on dynamic lamellipodia formed by polymerization of branched actin networks, a process controlled by the Arp2/3 (actin-related protein 2/3) complex. α-Catenin can suppress the activity of Arp2/3 by competing for actin filaments. These findings lead to a model for adherens junction formation in which clustering of the cadherin-β-catenin complex recruits high levels of α-catenin that can suppress the Arp2/3 complex, leading to cessation of lamellipodial movement and formation of a stable contact. Thus α-catenin appears to play a central role in cell-cell contact formation.
Introduction
Cadherins are calcium-dependent cell adhesion molecules whose extracellular regions mediate homotypic cell-cell adhesion. The classical cadherins are found in adherens junctions, cell-cell contact structures that are associated with the actin cytoskeleton [1, 2] . The co-ordination of adhesion with the underlying cytoskeleton represents an essential part of cell and tissue morphogenesis. For example, the invagination of an epithelial sheet to form a tube requires changes in the shapes and tensile properties of the constituent cells while the cells remain attached to one another [3] .
Cell adhesion and changes in the cytoskeleton are also co-ordinated during the initial formation of cell-cell contacts [4, 5] . The surface of non-contacting epithelial cells features highly dynamic lamellipodia driven by the polymerization of branched actin networks underneath the membrane [6] . Initial contacts between cells are made by small portions of their lamellipodia, which bear cadherins on their surfaces. As the contact area enlarges, cadherins are observed to concentrate in the contacting region, and the lamellipodial dynamics of the apposed membranes are reduced as a stable contact forms [7] . Thus there is an observable correlation between the formation of a cadherin-based contact and the cessation of membrane-protrusive activity driven by actin polymerization. Moreover, in a mature contact, the branched The cytoplasmic domain of classical cadherins binds to β-catenin. β-Catenin in turn binds to α-catenin, which binds to F-actin either directly or through other actin-binding proteins.
actin networks associated with lamellipodia are replaced with bundles of actin cables that abut the membrane [8] .
The importance of cell adhesion in tissue formation and wound healing, and its dysregulation in many diseases, makes understanding the molecular basis of cell-contact formation and the structure of the resulting contacts of great importance. Models of the molecular organization of adherens junctions initially came from the discovery of the catenins. Immunoprecipitation of cadherins from detergentextracted epithelial cells led to the discovery of β-and α-catenin [9] . β-Catenin binds tightly to the highly conserved cytoplasmic portion of classical cadherins, with K d = 30 nM-52 pM depending on the phosphorylation state of E-cadherin [10] . β-Catenin also binds to α-catenin [11] , albeit more weakly (see below). α-Catenin binds to β-catenin [11, 12] and to F-actin [13, 14] . These protein-protein interactions were demonstrated pairwise, i.e. cadherin binds to β-catenin, β-catenin binds to α-catenin, and α-catenin binds to actin. The ternary complex of E-cadherin, β-catenin and α-catenin is also readily apparent in immunoprecipitation and reconstitution experiments [11] . On the basis of these findings, a minimal model of junction organization is that cadherins are linked directly to actin through the catenins (Figure 1) .
In MDCK (Madin-Darby canine kidney) cells, immunofluorescence studies have shown that β-catenin binds to cadherin while still in the endoplasmic reticulum, and the two proteins move together to the cell surface [15] . Disruption of this interaction results in proteasomal destruction of cadherin [16] . This probably reflects the fact that the cadherin cytoplasmic domain is intrinsically unstructured and contains a PEST (Pro-Glu-Ser-Thr) motif associated with recognition by the ubiquitination machinery [17] . The crystal structure of the cadherin-β-catenin complex shows that this sequence contacts β-catenin in the complex, and is probably protected from ubiquitin ligase recognition by β-catenin [18] . Thus the cadherin-β-catenin complex can be considered a single unit that traffics to the cell surface.
α-Catenin is a 906-amino-acid protein that contains three regions with strong homology with the actin-binding protein vinculin (Figure 2) . A number of α-catenin-binding partners have been reported, but we focus here on β-catenin, which binds to a region near the N-terminus (residues 57-146) [12] , and F-actin, which binds to the C-terminal region (residues 697-906) [13] . In addition, epithelial α-catenin (α-E-catenin) binds to itself, using a domain that overlaps the β-catenin-binding site. This domain, defined by limited proteolysis as residues 82-264, consists of five α-helices [13] (Figure 3 ). The domain starts as a 30-residue helix, and is followed by a 50-residue helix, the first half of which interacts in an antiparallel manner with the first helix. The second half of the long helix is part of the four-helix bundle that forms the C-terminal end of the domain. The homodimer forms by association of the two N-terminal helices, creating a non-covalent four-helix bundle ( Figure 3) .
Mutagenesis studies have shown that amino acids 117-149 of β-catenin comprise the α-catenin-binding site [19] . This sequence was predicted to form an amphipathic helix, and replacement of residues on the hydrophobic face of the helix diminished binding to α-catenin. The β-catenin-binding site of α-catenin included residues 57-146 [12] . Although residues 57-81 were removed by proteolysis and were not part of the crystallized dimerization domain, these residues also are predicted to form an amphipathic helix. β-and α-catenin interact as a 1:1 heterodimer, indicating that binding of β-catenin competes with homodimerization of α-catenin. On the basis of these observations, we proposed that, when β-catenin binds to α-catenin, α-catenin residues 57-81, which are otherwise flexibly linked to the dimerization domain that starts at residue 82, bind to the unpaired helices at the N-terminus of the dimerization domain, and β-catenin 117-149 forms the fourth helix of a new four-helix bundle [12] (Figure 3 ). The competition between the α-catenin homodimer and the β-catenin heterodimer explains the relatively weak interaction between these two proteins.
To overcome the competition with homodimerization and examine the β-catenin-binding interface structurally, we used a chimaera approach in which the α-catenin-binding region of β-catenin, residues 118-151, were fused with a polyglycine linker to the N-terminus of α-catenin 57-264 [12] . The structure of this fusion protein, designated βα-catenin, revealed that the β-catenin sequence from 118 to 146 forms the expected amphipathic helix, and a four-helix bundle that includes α-catenin 57-81 is observed. The packing of these helices on to the other α-catenin helices differs slightly from that observed in the homodimer, however.
The actin-binding activity of α-catenin resides in the Cterminal region, which bears 34% sequence identity with the actin-binding region of vinculin. Although there is no crystal structure of the domain from α-catenin, the domain from vinculin is a five-helix bundle [20] . On the basis of standard actin co-sedimentation assays, the affinity of the α-catenin-F-actin interaction has been estimated to be 0.3 μM [14] .
Can α-catenin link the cadherin-β-catenin complex to actin?
To understand further the biochemistry and structure of the junctional assembly, we attempted to reconstitute the cadherin-catenin-actin complex in vitro. Recombinantly expressed and purified E-cadherin cytoplasmic domain, β-catenin and α-catenin were mixed with F-actin at sufficiently high concentrations to form the quaternary complex based on the known or estimated affinity constants, then centrifuged to sediment the actin and any stably bound proteins. A portion of the input α-catenin was observed to sediment with actin, as expected, but none of the cadherin or β-catenin co-sedimented with α-catenin above background levels [21] . Moreover, as the input concentration of the cadherin-β-catenin complex was increased, less α-catenin co-sedimented, suggesting that binding of α-catenin to β-catenin and actin is mutually exclusive. This was confirmed by preparing a new βα-catenin chimaera in which the α-catenin-binding region of β-catenin was fused to residues 57-906 of α-catenin, i.e. extending through the C-terminal actin-binding domain of α-catenin. This chimaera did not bind to F-actin significantly, confirming that binding to β-catenin prevents α-catenin from binding to F-actin [21] .
The results outlined above demonstrate that α-catenin cannot link β-catenin to actin as assumed in the standard models of adherens junctions. Since these experiments use highly purified recombinant proteins, a concern is that other factors present in native junctional membranes or cytosol might be required to establish a connection to actin. Several approaches were taken to address this problem. To examine whether native membranes are needed, for example cadherin clustering or lipids, patches of membranes containing junctional complexes were prepared [21] . This was accomplished by depositing cells on microscope slides on which the extracellular domain of E-cadherin is attached. In this way, the surface of the cell closest to the slide can form cadherin-based contacts. The cells are then ruptured by brief sonication. After washing away the released cell contents, a patch of membrane containing cadherins and their associated cytosolic proteins remains on the slide. Immunofluorescence confirmed that the patches contain the cadherins, catenins and actin. We then exploited the fact that the cadherin cytoplasmic domain is natively unstructured, and can therefore withstand denaturing conditions. Treatment of the patches with guanidine removes the actin and catenins. Recombinant catenins could then be added back to these patches, showing that the cadherin-catenin complex can be restored. However, as observed in the solution experiments, F-actin did not bind to the reconstituted cadherin-catenin complex on the patches [21] . Moreover, addition of either vinculin or α-actinin, both of which are reported to bind to α-catenin, did not restore actin binding, nor did addition of cytosol, indicating that soluble factors are not responsible for actin binding [21] .
Despite these results, there are still concerns that the inability to observe linkage between α-catenin and actin could be due to missing components that were not tested. It is important to note, however, that immunoprecipitation of cadherins only brings down stoichiometric amounts of catenins and not other proteins. Although it could be argued that a missing factor might have been attached to actin, it would seem most likely that a required structural component of the junction would be present at levels comparable with the catenins in these experiments. Another concern when using recombinant proteins is the lack of post-translational modifications that could affect binding affinities. Although the cytosol add-back experiments partly address this issue, we also examined whether casein kinase II, which has been reported to phosphorylate α-catenin, might affect the interactions of α-catenin. However, in vitro phosphorylation of α-catenin by this kinase did not affect the outcomes of the co-sedimentation experiments [21] .
The biochemical data presented above argue strongly against a stable linkage between the cadherin-catenin complex and actin. Nonetheless, it is essential to ask whether the results obtained in vitro with purified recombinant proteins correlate with in vivo behaviour. Using GFP (green fluorescent protein)-tagged versions of cadherins, catenins and actin, we carried out FRAP (fluorescence recovery after photobleaching) experiments to examine the dynamics of these proteins at the junctional membrane [21] . In particular, if the cadherin-catenin complex is linked stably to the actin cytoskeleton, we would expect to see similar diffusional behaviours and mobilities of these proteins on the membrane. We examined two parameters from FRAP measurements: the halftime of fluorescence recovery t ½ , which occurs at a rate dictated by interactions that constrain free diffusion, and the fraction of the fluorescence intensity that recovers, which defines the mobile fraction of molecules.
GFP-tagged E-cadherin, β-catenin and α-catenin (all expressed at a fraction of the endogenous level to avoid overexpression artefacts) all displayed similar t ½ and mobile fraction values [21] (Figure 4 ). This was also true if the cytoplasmic domain of cadherin was deleted, thereby breaking all potential connection to the cytoskeleton, or if the actinbinding domain of α-catenin was deleted to disrupt the potential connection to actin. In contrast, actin near the membrane showed a much shorter t ½ and a larger mobile fraction than the cadherin-catenin complex (Figure 4) . Thus the FRAP data indicate that the cadherin-catenin complex is not linked stably to the underlying actin cytoskeleton in confluent MDCK cells [21] . Moreover, FLIP (fluorescence loss in photobleaching) experiments, in which a region of cytosol is bleached and the loss of fluorescence from the contact site monitored as the fluorescent pool exchanges with the cytosol, showed that the actin at cell-cell contacts is unusually dynamic compared with that associated with cell-substratum adhesions [21] .
What is the role of α-catenin in cell-cell contacts?
Although the biochemical, membrane patch and live-cell imaging data indicate a lack of stable linkage between the cadherin-catenin complex and the actin cytoskeleton, it is well known that actin associates with cell-cell contacts and that actin dynamics are important for the induction of cellcell adhesion. Moreover, it was noted in the Introduction that cadherin-mediated cell-cell adhesion induces changes in actin organization and dynamics at cell-contact sites. We therefore asked whether α-catenin might have a role in this process.
It was noted above that recombinant α-E-catenin is largely dimeric when purified. To assess the state of α-catenin in the cell, we subjected extracts of MDCK cells to gel-filtration chromatography using recombinant monomeric and dimeric α-catenin as size standards. Most of the extracted α-catenin proved to be monomeric. The dimeric fraction was a mixture of α-catenin homodimer and α-β-catenin heterodimer. Since our earlier studies had shown that homodimerization competes with β-catenin binding, we would expect that the monomeric α-catenin would bind more strongly to β-catenin. This was confirmed by gel-filtration experiments mixing β-catenin with either monomeric or dimeric α-catenin. This gave an approximate K d value of 1 μM for the interaction of monomeric α-catenin with β-catenin [22] .
We next examined the actin-binding activities of monomeric and dimeric α-catenin [22] . As would be expected from a simple valency argument, dimeric α-catenin binds to actin better than monomeric α-catenin. However, because it is impossible to prepare 100% pure monomeric α-catenin, it is possible that the observed actin binding by α-catenin monomer is due to contaminating dimer. We attempted to probe the molecular conformation of α-catenin in its monomer, homodimer and β-catenin heterodimer states using limited proteolysis. The proteolytic digestion patterns were different in each case, suggesting that distinct molecular conformations are associated with these states [22] . The different binding activities, particularly the inhibition of actin binding by β-catenin, as well as the proteolytic sensitivity data, suggest that α-catenin is an allosteric protein in which the binding of one ligand alters its conformation and changes its affinity for another ligand.
The mutually exclusive binding to β-catenin or actin implies that α-catenin must dissociate from the cadherin-β-catenin complex before it can bind actin. This was confirmed by purifying the cadherin-β-catenin-α-catenin complex and incubating it with F-actin at various concentrations or times before sedimentation. Approx. 20% of α-catenin dissociates from 5 μM pre-formed complex [22] . FLIP experiments confirmed that, in living cells, membrane-associated α-catenin can exchange with the cytosolic pool [22] .
The ability of α-catenin to associate with the cadherin-β-catenin complex at cell-cell contacts, but also to dissociate and bind actin, led us to examine whether it might have a role in the changes in actin organization that accompany cell-contact formation. As noted in the Introduction, lamellipodial activity decays as the cadherin-catenin complex accumulates and the contact matures [4, 7, 23] ; as the contact forms, the actin cytoskeleton reorganizes from the branched polymer that drives lamellipodia formation to a linear cable that lies under the membrane [8] . Formation of the branched actin network is mediated by the Arp2/3 (actin-related protein 2/3) complex, which binds to the sides of actin filaments and promotes growth of a new filament at a 70
• angle with respect to the first [6] . Lamellipodial movements generated by Arp2/3-mediated polymerization of branched actin networks result in transient cell-cell contacts between overlapping lamellipodia, and lack of Arp2/3 activity blocks formation of cell-cell contacts [24] .
Cells from α-catenin-knockout mice lose contact inhibition and display increased migratory activity [25, 26] . Furthermore, decreased levels of α-catenin result in increased membrane activity in neurons, whereas overexpression of α-catenin suppresses membrane activity [27] . Given these data, we asked whether α-catenin might influence Arp2/3-mediated branched actin polymerization and regulate membrane protrusive activity. Using a standard fluorescent actin polymerization assay, we found that α-catenin can suppress Arp2/3-mediated actin polymerization [22] (Figure 5 ). In these assays, the inhibition of Arp2/3 correlated with the saturation of actin by α-catenin. Moreover, in an actin-pelleting assay, increasing amounts of α-catenin were able to compete with Arp2/3 from actin. Thus α-catenin can compete with Arp2/3 for actin filaments. In titration experiments, 5 μM α-catenin dimer could completely suppress Arp2/3, whereas little suppression was observed with between 0.1 and 1 μM α-catenin ( Figure 5 ). To assess the physiological relevance of these values, we estimated the cytosolic concentration of α-catenin by preparing extracts from a known volume of MDCK cells and comparing the α-catenin signal on Western blots with known amounts of recombinant α-catenin. These experiments yielded an estimate of 0.6 μM for the cytosolic concentration of α-catenin [22] . Thus the bulk cytosolic concentration of α-catenin is too low to inhibit Arp2/3.
These observations can be synthesized into a model that explains the available data on α-catenin and the role of Arp2/3 in cell-contact formation [22] (Figure 6 ). Transient contacts of cadherins on overlapping lamellipodia from two cells followed by diffusion leads to the observed clustering of cadherins in the contacts. Since β-catenin is always associated with cell-surface cadherins, cadherin clustering implies clustering of β-catenin on the cytoplasmic side of the nascent contact. This high local concentration of β-catenin recruits α-catenin from the cytosol, which can exchange readily between the membrane and proximal cytosol to provide a high local concentration of α-catenin in the cytosol under the membrane. This pool would probably dimerize and bind to actin. Note that a modest 10-fold increase in the local α-catenin concentration would suffice to completely eliminate Arp2/3 activity. In this way, branched actin polymerization, hence lamellipodial movement, would cease, consistent with the observed changes in membrane dynamics and actin organization at mature contacts. Because α-catenin can bundle actin [13, 14] , it might also have a positive role in promoting formation of the linear cable structures observed at contacts. Moreover, a recent report suggests that α-catenin might stimulate the activity of formins, which promote linear actin polymerization [28] .
Although several aspects of this model remain to be tested, it can both explain the essential role of α-catenin in cell-contact formation and provide a mechanism for the change in membrane activity and associated actin cytoskeleton. Clearly, direct measurement of the changes in concentration is an essential experiment needed to confirm the model. What is not clear is how the cytoskeleton remains associated with the junction if the cadherin-catenin complex is not directly involved in this process. It is possible that other membrane-associated proteins are involved in the attachment to the actomyosin complex during periods of constriction associated with cell-shape changes, or that some of the candidate proteins such as vinculin can mediate the linkage to actin under certain circumstances [29, 30] .
